Boric acid particles were successfully prepared by using an emulsion liquid membrane (water-in-oil-in-water, W/O/W emulsion) to control the size of particles as raw materials. All materials aggregated in aqueous suspension, but their subsequent dispersion on treatment with the polyimide precursor, poly (amic acid), was observed. Using a combination by dissolving the polyimide and mixing fatty acid surfactant coated boric acid particles; we have demonstrated the formation of nanocomposites with uniform nanoparticle dispersion. The influence of boric acid on heat releasing capacity was analyzed. Heat releasing capacity of composites was reduced compared to polyimide itself. The microstructures and morphology of the as obtained samples were studied by X-ray diffraction (XRD), infrared spectra (IR), scanning electron microscopy (SEM) equipped with an energy-dispersive X-ray spectrometer (EDS) and thermogravimetric analysis (TGA).
INTRODUCTION
Polyimide nanocomposites have been proposed or are being used for numerous applications, ranging from sensors to advanced optoelectronic devices. Understanding the impact of nanofillers on the composite mechanical properties is critical to the success of all of these applications. Consequently, a large number of research groups are focused on developing a general framework for predicting, or at least, understanding how the chemistry and morphology of the polymer matrix synergizes with the surface chemistry, the size, and the shape of a nanoscale filler to define mechanical properties /1-10/. Within this general framework, the underlying mechanisms lie at the intersection of chemistry, physics, materials science, and continuum mechanics. Therefore, the researchers involved in this critical area of science have an equally varied assortment of backgrounds and approaches /10-177.
Polymer networks are formed through the chemical and/or physical crosslinking of polymer chains. These materials represent an important class of polymer matrices for polymer nanocomposites since they are used in numerous structural applications due to their long-term resistance to mechanical loads, elasticity, and temperature resistant attributes. The most commonly used polymer networks include epoxies, polyurethanes, and thermoplastic elastomers /18-21/. In many ways, the presence of particles in a polymer network can influence the polymer matrix in a similar manner to linear polymer matrices 722-277. The nanoparticles can influence the development of local network structure during polymerization reactions, and the excluded volume of the nanoparticles can impact the local dynamics of chains between chains. In some polymer networks below Tg, the nanofillers can behave as antiplasticizers and depress the short-scale cooperative motions, eventually decreasing the sub-Tg relaxation. Additionally, for polymer networks above Tg, the addition of nanofillcrs can lead to a secondary network due to the adhesion of the polymer segments to the filler surface. This secondary network controls the mechanical properties at high deformation 728-31/.
In this study, novel polyimide-boric acid hybrid nanocomposite films (Pi/boric acid) have been developed from the poly (amic acid) of 2,6-diaminopyridine with different weight percentages (1, 3, 5 wt %) of boric acid using W-meth}!-2-pyrrolidone (NMP) as aprotic solvent. Since it has long been known that boric acid exhibits excellent flame-retarding property, the prepared polyimide-boric acid nanocomposite films were characterized for their structure, morphology, and thermal behavior employing Fourier transform infrared spectroscopy (FTIR), scanning electron micrograph (SEM), X-ray diffraction (XRD), and thermal analysis (DTA/TGA/DSC) techniques. These studies showed the homogenous dispersion of boric acid in the polyimide matrix with an increase in the thermal steadiness of the composite films on boric acid loadings. And the total heat release was only affected by the presence of boric acid in the polyimide matrix.
"EXPERIMENTAL Nonionic surfactant Span 80 from Sigma Chemical Co, bis(2-ethylhexyl) phosphoric acid (D 2 EHPA), boric acid and kerosene from Fluka were used as received All these chemicals were reagent grade (except hexane) and were used without any further purification. The water used in all experiments was triply distilled and filtered from 0.22 μηι size filter. The conductivity of water was below 0.2 μ8 cm"
A-mctliyl-2-pyrrolidonc (NMP) was distilled over CaH 2 under reduced pressure and stored over 4 molecular sieves. Reagent grade aromatic dianhydrides such as pyromellitic dianhydride (PMDA) were used after crystallization from the appropriate solvents. All the dianhydrides were dried under vacuum at 120°C prior to use.
The microemulsion system used in this study consisted of sorbitan monooleate (span 80) as a surfactant, propanol-2 as a co-surfactant, kerosene as the continuous oil phase , boric acid solution as the dispersed aqueous phase. The aqueous phases in the two-microemulsion systems have the same volume fraction but with different composition as indicated in Table I . The aqueous phase in microemulsion II contained D 2 EHPA solution as the carrying agent. The two microemulsions were prepared separately by mixing by volume 10% surfactant, 35% kerosene, 40% propanol-2 and 15% of the aqueous phase. A small amount of additional propanol-2 was then titrated slowly into each of the microemulsion system with stirring until the microemulsion system turned transparent. The two stable microemulsions were then mixed with a stirrer. Boric acid particles \vere formed upon contact between the precursor containing droplets and the D 2 ΕΙ ΙΡΑ containing droplets. Table 1 Compositions of the microemulsion system used for the synthesis of boric acid particles The samples were characterized by X-ray diffraction (XRD) for the crystal structure, average particle size and the concentration of impurity compounds present. Rigaku Rad B-Dmax II powder X-ray diffractometer was used for X-ray diffraction patterns of these samples. The 20 values were taken from 20° to 110° with a step size of 0.04° using Cu Κα radiation (λ value of 2.2897 A). The dried samples were dusted on to plates with low background. A small quantity of 30(±2) mg spread over 5 cm 2 area used to minimize error in peak location and also the broadening of peaks due to thickness of the sample is reduced. This data illustrate the crystal structure of the particles and also provide the interplanar space, d. The broadening of the peak was related to the average diameter (/,) of the particle according to Scherrer's formula, i.e. L = 0.9/ΙΛ4 cos θ where λ is X-ray wavelength, Δ is line broadening measured at half-height and 0 is Bragg angle of the particles. Infrared spectra were recorded as KBr pellets in the range 4000 -400 cm" 1 on an ATI UNICAM systems 2000
Fourier transform spectrometer. Differential scanning calorimetry (DSC), differential thermal analysis (DTA) and thermogravimetry (TG) were performed with Shimadzu DSC-60, DTA-50 and TGA-50 thermal analyzers, respectively. Chemical composition analysis by EDX was performed with an EDX; R nteck xflash dedector analyzer associated to a scanning electron microscope (SEM, Leo-Evo 40xVP). Incident electron beam energies from 3 to 30 keV were used. In all cases, the beam was at normal incidence to the sample surface and the measurement time was 100 s. All the EDX spectra were corrected by using the ZAP correction, which takes into account the influence of the matrix material on the obtained spectra.
Preparation of polyimide-boric acid (Pi/Boric acid) Nanocomposite Films
Pi/Boric acid nanocomposites were prepared with different weight percentages of boric acid (1, 3, 5 wt%). The details of the method as follows: Imol of 2,6-diaminopyridine (DAP) and 1 mol of benzophenone tetracarboxylic dianhydride (BTDA) in 25 mL NMP gave viscous gel of poly(amic acid), which is used for the experiment. Different weight percent of boric acid (1, 3, 5 wt%) were sonicated for an hour in oleic acid solution and were then added to the weighed poly(amic acid), and the suspension was stirred for 2 h at room temperature under the flow of nitrogen. The composites films were then cast from the suspension placed on a glass plate kept in humid free chamber. The films were then cured to obtain PI/ boric acid films as shown below in Scheme 1.
RESULTS AND DISCUSSION
Nanometric boric acid particles have been successfully prepared through novel emulsion-liquid membrane technology. The membrane phase in this system consists of Span-80 as the surfactant, D 2 EHPA as the carrier (or free carrier), and kerosene as the solvent. Under the conditions of the volume ratio of the organic to aqueous internal phase (Roi), the volume ratio of the W/O emulsion to the aqueous external phase (Rew), Roi = 2.0, Rew = 0.5, [Span-80] = 6% (v/v), and room temperature, boric acid particles with diameters of 80-100 nm and lengths of up to 300 nm, were obtained in the presence or absence of 5% (v/v) D 2 EHPA, respectively. X-Ray diffraction and transmission electron microscopy were used to characterize the structure and morphology of the boric acid particles.
The pH of the solution was around 1. Figure 2 shows EDX analysis of the nanocomposites in which the amount of boric acid is varied. EDX studies demonstrated a self-assembly of boric acid particles simultaneously directed on a monolayer film of polymer via physical and chemical arrangements. Boric acid particles showed nano-pattern and nanoparticles surrounded by polyimides. In conclusion, we successfully demonstrated a directed self-assembly of particles on a polymer. Controlling more than a single type of particles in specific positions can provide an opportunity to utilize unique properties of each type of particles. Thus, the methodology demonstrated in this study can be a good example of how different types of functional nanometer-sized building blocks can be organized in specific arrangements by physical and chemical selfassembling procedures on structured templates. Figure 3 shows the infrared spectra (range 4000-500 cm" Figure 4 (a-c) shows some pores, which are usually observed due to some deformation of polymer film during casting. The SEM images of Pi-boric acid (5 wt % boric acid) observed in Figure 4 (c) showed particle agglomerates. The agglomerates of the boric acid particles appear to be submicron, while the average particles of the boric acid as mentioned earlier were nanosized. The low concentration of the oxide might have contributed to the particle agglomeration during film formation. Also, the dispersion of the oxide particles is not uniform, which again has been caused by its low concentration. The dispersion looks more dense when compared with its predecessor (5 wt %); however, some submicron agglomerates are also noticed along with some pores of the original polymer film. The SEM image of Pi-boric acid (5 wt % boric acid) shown in Figure 4 (c) had uniform dispersion of the boric acid particles in the polymer even covering the pores observed in the polyimide film. Figure 5 shows the differential scanning calorimetry (DSC) traces for pure PI and DSC traces for 1.5 to 5 wt % boric acid loaded polyimides respectively. DCS curve of 25-DAP-PI in Figure 5 shows a broad endothermic peak at around 100°C , which is due to the removal of hydratcd water from the polymer. The small endothermic peak observed at 208°C corresponds to glass transition temperature of polyimide. The glass transition temperature is an important property of a polyimide film. Exceeding T g the polymer may cause a large decrease in Young's modulus and typically results in a shift in the dielectric properties. Hence, a polymer with Tg greater or equal to the highest processing temperature is desirable. All composites were subjected to DSC measurements for the purpose of examining microscopic miscibility. Fig. 5 shows the DSC thermograms of all composites exhibiting only one T g from all composition. A single T g strongly implies that all these composites are homogenous. Fig. 5 shows the dependence of the T g on the composition of these polymers, increasing the boric acid content results in substantial T g increase than average values. The chemistry of the nanoscale filler influences two primary properties related to the polymer/nanofiller interaction. First, the chemistry of the nanofiller contributes to the enthalpic interaction with the polymer chain. The enthalpic interactions play a large role in the efficiency of stress transfer across the nanofiller/polymer interface. These enthalpic interactions can be defined by the van der Waals interactions between the nanoparticle and polymer chains, or they can be related to specific interactions, such as covalent bonds. The strength of these interactions strongly influences the morphology of a polymer nancomposite. As mentioned earlier, the equilibrium morphology of a polymer nanocomposite is largely described by the polymer blend theory. As in the polymer blend theory, the interaction parameter between particle and polymer can shift the miscibility boundaries for given size ratios of the filler and the polymer. The van der Waals interaction between neighboring filler particles is also strongly influenced by the filler chemistry, which is often described in terms of the Hamaker constant for the material. These interparticle interactions are important at high volume fractions of the filler in the nanocomposite and in the strength of the filler aggregates. In terms of this latter effect, nanofillers can phase separate and form domains that are rich in the nanofiller and poor in the polymer. In these domains, if the inter-particle interactions are highly attractive, the aggregate will behave as a large filler particle rather than independent nanoscale fillers. Conversely, if the inter-particle attractions are weak, then the deformation processes related to the aggregate may play a large role in the storage and loss of applied mechanical energy. These deformation processes will greatly influence the development of thermal properties in the polymer nanocomposite as evidenced by TGA analysis shown in Figure 6 .
TGA analysis of virgin PI (a), and the boric acid-polyimide is given in Figure 6 (a-c). Their thermal decomposition temperatures (Τ Λ = temperature at 5% mass loss) were measured via thermogravimetric analysis (TGA) and showed that the introduction of boric acid into polymer backbones increased thermal stability. We found that all materials had an extremely impressive thermal stability (T & = 580°C); however, In our studies, we found that boric acid generally reduce interactions between polymer backbones. It is interesting to note that decreased interchain interactions normally decrease the T B of a polymer; however, the rigid three-dimensional nature of the boric acid appears to increase the rigidities of the polymer chain, increasing T g . TGA % 100.00 The effect of boric acid on thermal properties was studied first. Polyimides exhibited high thermal resistance, as seen in Figure 6 . The untreated polymer did not start degrading before 550°C and had lost only 1% of its mass by 562°C. Presence of boric acid affected the onset of decomposition of composites. The temperature at 1% mass loss dropped by about 50°C when only 1 wt% boric acid was added to polyimide. (Table 1 ) Further addition of boric acid resulted in even lower numbers, although the decrease was not as significant. There was even a slight increase in TW·.
(temperature at 1% mass loss) when boric acid amounted for 5 \vt%. Still, all composites were very heat resistant and would be excellent polymers for use in high temperature applications. Interestingly, the char yield did not increase with boric acid content. It even decreased very slightly, from about 21 for polyimide only to 19% when mixed with 3 \vt% boric acid. This phenomenon could be explained due to the fact that boric acid particles is mixed with polyimide at the molecular level, therefore disrupting the integrity of pure polyimide. Yet, the difference was very minimal, and composites left virtually as much char as polyimide itself. From a kinetics point of view, boric acid had beneficial effect in that it slowed down mass loss. Indeed, the peak mass loss rate decreased proportionally with the amount of boric acid as seen in Figure 7 and 8. Composites containing 5 wt% boric acid underwent impessive 35% decrease in peak mass loss rate. Yet, this proportionality was only examined up to a 5% wt boric acid content and may not be extrapolated to higher levels. Then, the influence of boric acid on flammability was analyzed in terms of heat releasing (I IRR) capacity. The combustion behaviour was investigated using a Fire Testing Technology cone calorimeter (according to ISO 5660) with specimen. Cone calorimeter was used under ventilated conditions including rate of heat release. The heat flux used was 50 kW/m 2 on the specimen, which had an exposed surface area of 50 mm 50 mm. The electric spark igniter was inserted above the test specimen until the time for sustained ignition of the test specimen was observed and recorded. The criterion for sustained ignition was 10 s. For the duration of the test, the heat release rate (HRR) due to combustion was determined using the oxygen consumption methodology. In addition, the mass loss of the specimen was recorded during the test. Flammability of boric acid nancomposites was greatly reduced compared to polyimide itself. In Figure  7 , the effect of boric acid on heat releasing capacity was well beyond the simple filling or dilution effect shown by connecting line. Although heat releasing capacity did nor decrease proportionally with the boric acid content, the heat releasing capacity value for the 5% boric acid containing nanocomposite was reduced by 37% compared to virgin polyimide. The effect seemed to reach asymptote above about 4 wt%. On the contrary, the total heat release was only slightly affected by the presence of boric acid. While polyimide had 17.6 ±0.7 kJ/g total heat release, numbers for polyimide-boric acid composites varied between I6.5Ü.8 and 17.1±0.6 kJ7g, as seen in Table 2 . Values seemed to decrease monotonically with the amount of boric acid with the exception of the composite with 1.5 wt% boric acid, but the difference observed for that sample was within experimental errors. The fact that total heat release values did not undergo the same decrease as heat release capacity values could be explained by the rate of degradation, which was slower with increasing amounts of boric acid. These two effects compensated each other to yield relatively constant total heat releases. 
CONCLUSION
In this paper, the structural properties of polymer nanocomposites containing particles of boric acid in a polyimide (PI) matrix were investigated. The compositions were synthesized by means of an original method "in situ" preparation, which allows obtaining the polyimide films and different concentrations of boric particles in the PI matrix. In terms of heat releasing capacity, the effects of boric acid additive on flammability of novel polyimides were analyzed. The positive influence of particles embedded in polyimides are good examples of purposeful nanostructures with outstanding potential for applications for instance, including a polymer additive which serves as a fire retardant synergist, char promoter, anti-arcing agent, a preservative in wood composites, smoke and afterglow suppressant additive, and optical properties, and wear resistance.
